Nonviable freeze-dried sperm have intact chromatin and can be used for fertilization via intracytoplasmic sperm injection. Freeze-dried sperm preferably should be stored at 4
Introduction
Cryopreservation is the most widely used method for storage of cells. If storage in the dried state were possible, this would have significant practical advantages. Long-term preservation of cells at ambient conditions (i.e., room temperature) eliminates the need for energetically expensive bulky freezers and liquid nitrogen tanks and facilitates easy transport. Whereas cryopreservation generally yields viable cells, freeze-drying does not. Nevertheless, freeze-dried cells may retain certain functional properties for use in applications that do not require fully functional cells. Freeze-dried platelets, for example, can be used for topical wound healing [1, 2] and freeze-dried sperm can be used for intracytoplasmic sperm injection (ICSI) into an oocyte for fertilization [3, reviewed in 4-8] .
Wakayama and Yanagimachi [3] were among the first to show that oocytes can be fertilized with freeze-dried sperm using ICSI. They used culture medium for freeze-drying of mouse sperm, and found that sperm samples stored for up to 3 months at 4
• C could still be used for fertilization resulting in development of normal mice. This occurred despite the fact that rehydrated sperm were membrane damaged and lacked motility, and no specific lyoprotectants were used. Since then several studies reported on successful fertilization of oocytes using freeze-dried sperm for different species, including rat [9] , cattle, pig and horse [10] [11] [12] as well as human [13] . Further studies revealed that storage stability of freeze-dried sperm can be improved by adding a chelating agent (ethylene glycol-bis(β-aminoethyl ether)-N,N,N ,N -tetraacetic acid (EGTA), Ethylenediaminetetraacetic acid (EDTA)) to TRIS-buffered saline freeze-drying solution [14, 15] , using alkaline (pH 8) rather than near-neutral or acidic conditions [16] , and by adding antioxidants [17] . These improvements allowed storage of freeze-dried sperm at 4
• C for several years, while maintaining chromatin integrity and fertilization potential [18, 19; reviewed in 5] . Freeze-dried sperm can be transported at room temperature [3] . Successful use of freeze-dried sperm for ICSI is compromised, however, when samples are stored at room temperature for longer durations [20, 21] . In nature, anhydrobiotic organisms such as yeast, tardigrades, and resurrection plants, as well as pollen and seeds, are able to withstand almost complete dehydration and can remain in a state of suspended animation at ambient conditions [22, 23] . These organisms accumulate specific disaccharides and stress proteins that protect intracellular biomolecules during drying and form a glassy state slowing down metabolism and damaging reactions [23] [24] [25] . Sucrose and trehalose are widely used for freeze-drying of proteins and other biological compounds in pharmaceutical and food sciences [26] , because they have protective properties during both freezing and drying [23, 27] . Their use for preservation of cells is challenging, because membranes are normally impermeable for disaccharides. A variety of methods have been employed to overcome this. Trehalose can be introduced into cells through endocytosis [1] , electropermeabilization [28] , thermal cycling through the membrane phase transition [29] , use of cell penetrating peptides [30] [31] [32] , and trehalose-containing liposomes [33] . We recently found that cells take up trehalose and other membrane impermeable compounds when subjected to freezing and thawing [34, 35] . Trehalose uptake occurs due to a combination of osmotic forces and membrane imperfections during freezing-induced membrane phase transitions therewith facilitating cryosurvival [35] [36] [37] .
Stability of freeze-dried materials is dependent on the freezedrying formulation that is used as well as on the storage conditions (i.e., temperature, humidity, atmospheric pressure) [4, 26] . In order to increase storage stability of freeze-dried samples, proteins or polymers are often combined with sugars in the freeze-drying formulation. These proteins or polymers serve as "bulking agents" to prevent the collapse of freeze-dried samples and increase the glass transition temperature [1, 38, 39] .
In this study, it was investigated if membrane-impermeable sugars are taken up by sperm after exposure to freezing and thawing, and if this can be applied to enhance storage stability of chromatin in freeze-dried sperm. The membrane-impermeable fluorescent dye lucifer yellow (LY) was used to visualize and quantify uptake of membrane-impermeable molecules after passing the suprazero as well as freezing-induced membrane phase transitions. In addition, intracellular trehalose contents were determined after exposure to freezing and thawing, and sperm motility and membrane integrity were determined, both after cryopreservation and after freeze-drying if using sugars as protectant. Storage stability of chromatin in freezedried sperm was investigated in various formulations consisting of reducing (glucose) and nonreducing (sucrose, trehalose) sugars, alone and in combination with albumin. Storage was performed at 37
• C to accelerate aging, and to reveal differences amongst freeze-drying formulations that are not apparent if stored at 4
• C or lower temperatures. Sperm chromatin integrity was studied flow cytometrically using the sperm chromatin structure assay (SCSA). In addition, microscopic assessments ("comet" assay and "halo" test) were done to possibly reveal different and earlier signs of damage.
Materials and methods

Semen collection and processing
Semen was collected from stallions of the Hanoverian warmblood breed that were held at the National Stud of Lower Saxony in Celle, Germany. Animals were held according to national and institutional regulations and animal care and use protocols. Aliquots from routine semen collections were used, which were performed for the commercial artificial insemination program of the stud. Semen collections took place every other day, using an artificial vagina and breeding phantom (both model "Hannover"; Minitüb, Tiefenbach, Germany), and were filtered to remove the gel portion. Sperm concentrations were determined and semen was diluted with diluent of 37
• C, and centrifuged (10 min at 600× g 
Sperm cryopreservation
For standard cryopreservation, 50 × 10 6 sperm mL −1 was prepared in INRA-82 supplemented with 2.5 v-% egg yolk and 2.5 v-% glycerol, as described in detail elsewhere [40] . In addition, instead of using glycerol as cryoprotective agent, 0-200 mM trehalose (Cargill, Minneapolis, MN, USA), sucrose or glucose (both from Carl Roth, Karlsruhe, Germany), and combinations of sugars and albumin (BSA, bovine albumin fraction V, pH 7.0; Serva, Heidelberg, Germany) were tested. The latter was done at 1/1 weight ratios: 50 mM trehalose or sucrose, or 100 mM glucose, combined with 1.71 w-% albumin. After dilution with cryoprotective agents, an aliquot was taken for prefreeze analysis and the remainder was cooled at ∼0.1
France) were filled at 5
• C, in a cooling cabinet, transferred to racks and frozen in liquid nitrogen vapor at ∼40
• C min −1 to -80
• C, after which straws were plunged in liquid nitrogen and stored for at least 24 h. Cooling rates were verified using a T-type thermocouple (Fluke, Everett, WA, USA). Straws were thawed in a water bath at 37
• C within 30 s.
Sperm freeze-drying
For freeze-drying, TRIS+ (10 mM TRIS-HCl, 1 mM EDTA, 150 mM NaCl, pH 8) was used as diluent, as described in detail elsewhere [5] . Sperm was diluted to a final concentration of 100 × 10 6 sperm mL the pressure was reduced to 10 mTorr for 6 h (secondary drying). After freeze-drying, samples were immediately stoppered and stored in vacuum-sealed bags. The sample water content was less than 0.1 g water per g dry weight. Water contents were determined by comparing the sample fresh weight (measured directly after freeze-drying) and dry weight (measured after overnight evaporation of water in an oven set at 80 • C). Freeze-dried sperm samples were stored for up to 3 months at 37
• C. Rehydration was done by adding distilled water directly onto dried samples. Rehydrated samples were frozen and stored in liquid nitrogen for sperm chromatin structure analysis as described below.
Analysis of sperm motility and plasma membrane integrity
Sperm motility parameters were determined after 10 min incubation at 37
• C. Three microliter (50-100 × 10 6 sperm mL −1 ) was loaded into a Leja 20 micron four chamber slide (Leja Products BV, Nieuw Vennep, Netherlands), and eight microscopic fields were analyzed using computer-assisted sperm analysis (Spermvision; Minitüb, Tiefenbach, Germany). Sperm were classified as progressively motile when the average path velocity was greater than 40 μm s −1 and the straight line versus average path velocity (straightness) was greater than 0.5. To assess plasma membrane integrity, sperm were diluted to 1 × 10 6 sperm mL −1 in HEPES buffered saline (HBS: 20 mM HEPES, 137 mM NaCl, 10 mM glucose, 2.5 mM KOH, pH 7.4, 300 mOsm kg −1 ) supplemented with 3 μM propidium iodide (PI) and 1 nM SYBR-14, incubated for 10 min at room temperature, and analyzed flow cytometrically (Cell Lab Quanta SC MPL, Beckman Coulter GmbH, Krefeld, Germany) using a 488-nm laser for excitation and 525/30-nm band pass and 670-nm long pass filters to detect green and red fluorescence, respectively. Per sample ∼5000 sperm were measured, which were selected based on their side scatter and electronic volume properties. Membrane intact sperm show green fluorescence of DNA intercalating SYBR-14, whereas damaged sperm exhibit red fluorescence due to replacement of SYBR-14 with PI.
Analysis of sperm chromatin structure
The SCSA was used to evaluate chromatin integrity as described in detail previously [42] . In short, sperm was diluted in TNE (10 mM TRIS-HCl, 150 mM NaCl, 1 mM Na 2 EDTA, pH 7.4), acid/detergent solution (80 mM HCl, 150 mM NaCl, 0.1% Triton X-100, pH 1.2) was added, followed by a 30-s incubation, and addition of acridine orange staining and neutralization solution (6 μg mL −1 acridine orange, 150 mM NaCl, 37 mM citric acid, 126 mM Na 2 HPO 4 , 1 mM Na 2 EDTA, pH 6.0). Samples were placed on ice and analyzed after 3 min using a FACScan flow cytometer (Becton-Dickinson, Heidelberg, Germany) with a 488-nm laser for excitation, and 530/30-nm band pass and 650-nm long pass filters for detecting green and red fluorescence, respectively. Sperm were selected based on their forward and side scatter properties, and the DNA fragmentation index (DFI) was determined by quantifying sperm populations showing differences in green and red fluorescence [42, 43] . WinMDI software (Windows Multiple Interface for Flow Cytometry, version 2.9; developed by J Trotter, at The Scripps Research Institute, La Jolla, CA, USA) was used for display and additional data analyses. Sperm with intact double-stranded and damaged single-stranded DNA exhibit green and red fluorescence, respectively.
Sperm chromatin dispersion assay and single-cell gel electrophoresis
Chromatin structure and DNA damage in sperm were also assessed microscopically (Axioskop 50; Carl Zeiss Microscopy GmbH, Göttingen, Germany) using the sperm chromatin dispersion (SCD) or halo test and by single-cell gel electrophoresis (SCGE) referred to as comet assay [44, 45] . Samples were diluted to ∼5 × 10 6 sperm mL −1 in 1% agarose (w/v in PBS; 140 mM NaCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, pH 7.4) at 37
• C. Two 14-μL agarose samples were added per agarose-coated slide and directly covered with coverslips (10 × 10 mm), followed by solidification at 4
• C and removal of the coverslips. For SCD, slides were incubated for 7 min with acid solution (0.08 N HCl), followed by 30 min incubation with freshly prepared lysis solution (2.5 mM NaCl, 0.1 M Na 2 EDTA, 10 mM TRIS, 0.1% Triton-X100, 25 mM DTT) at 4
• C, washing in distilled water (2 min, twice), and dehydration through a graded ethanol series (70, 90 and 100 v-% ethanol, 2 min each). Slides were air-dried and stained for 15 min with Wright eosin-methylene blue staining solution (Carl Roth, Karlsruhe, Germany) followed by washing under tap water and air-drying. Slides were examined using light microscopy, and a minimum of 40 sperm per sample were analyzed using "imageJ" software. Sperm with intact chromatin had a purple "halo," whereas sperm with damaged chromatin had a smaller or no halo and less intense (pink) staining of the nucleus. For SCGE, all incubations were done at 4
• C protected from light.
Slides were incubated for 30 min with lysis solution (see above), followed by 30 min with alkaline solution (300 mM NaOH, 1 mM EDTA, pH > 13). Alkaline electrophoresis was performed during 20 min, using 20 V and 300 mA, after which slides were washed and dried as described above. Hoechst33342 staining solution (150 μg mL −1 ) was used to visualize DNA with fluorescence microscopy, and images were collected using similar exposure conditions. The extent of sperm DNA fragmentation was derived from the length of the "comet-tail" and fluorescence intensities of the nucleus versus comet tail, using "Komet" software (Andor Technology Ltd, Belfast, UK) on a minimum of 40 sperm per treatment group.
Determination of uptake of lucifer yellow
The membrane-impermeable fluorescent dye LY dilithium salt (Sigma-Aldrich Chemie GmbH, Munich, Germany) was used to visualize uptake of membrane impermeable solutes by sperm. Sperm samples (100 × 10 6 sperm mL −1 ) were supplemented with 5 mM LY and incubated for 4 h at 37
• C, cooled to 4
• C followed by 4 h incubation, or subjected to freezing and thawing. Incubation at 37
• C was done in INRA-82, whereas egg yolk and glycerol were added for examination after cooling and cryopreservation (see above). After incubation or thawing, extracellular LY was removed via washing with PBS, and an aliquot was diluted in HBS supplemented with PI for flow cytometric analysis. The remaining sperm were concentrated via centrifugation for collecting both phase contrast and fluorescent images. To quantify differences, the mean green fluorescence intensity was determined as a measure for the intracellular LY content, while discriminating between plasma membrane intact and damaged sperm.
Determination of intracellular trehalose contents
Sperm were cryopreserved with trehalose as described above. After thawing, sperm (∼500 × 10 6 ) were collected via centrifugation (15 min at 1000 × g), and washed twice with PBS. An aliquot was removed to determine the sperm concentration. The recovered sperm were resuspended in 80% (v/v) methanol, followed by 10-min incubation at 80
• C to extract intracellular trehalose. Samples were centrifuged, the supernatant was transferred to a clean tube, and methanol was evaporated during overnight incubation at 60
• C. Dried samples were dissolved in distilled water (200 μL), and trehalose contents were analyzed using the Megazyme trehalose assay (Megazyme International Ireland, Wicklow, Ireland) according to the instructions provided by the manufacturer. In this assay, trehalose is enzymatically converted into NADPH, which can be measured as absorbance at 340 nm using a spectrophotometer (Libra S22; Biochrom, Cambridge, UK). The cytoplasmic trehalose concentration was calculated by assuming a mean cell volume of 11.9 μm 3 and a cytoplasmic volume of 2.86 μm 3 [46] . The loading efficiency was determined as the ratio between the cytoplasmic and extracellular trehalose concentration.
Fourier transform infrared spectroscopy
Infrared spectra were recorded on a Perkin Elmer 100 Fourier transform infrared spectrometer (FTIR; Perkin Elmer, Norwalk, CT, USA), equipped with a temperature-controlled sample holder (Harrick Scientific Products, Pleasantville, NY, USA), and dry air purge gas generator (Whatman, Clifton, NJ, USA) as previously described [47] . Spectra acquisition parameters were as follows: 4 cm −1 resolution, eight coadded interferograms, and a 4000-900 cm (νCH 2 ) as a function of the sample temperature [47] .
Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were done using a Netzsch DSC 204F1 Phoenix instrument (Netzsch Gerätebau GmbH, Selb, Germany). Approximately 10-mg freeze-dried formulation was put in 25-μL aluminum DSC sample pans, which were hermetically sealed. An empty pan was used as a reference. Samples were cooled to −40 • C and then heated to 100
• C at 10
twice, while monitoring the heat flow. Glass transition temperatures were determined from the second heating scan, as the onset temperature at which the change in heat flow coinciding with the transition from glassy-to-liquid state occurred.
Study design and statistical analysis
In the different experiments that were performed, different treatments and/or analyses were done on the same ejaculate, and repetitions (n) were done using ejaculates from different stallions. First, FTIR was used to determine the temperature ranges at which sperm membrane phase transitions took place (experiment 1). Then, uptake of membrane-impermeable LY by sperm was studied before and after passing temperature ranges where membrane phase transitions occurred (experiment 2, n = 3). In addition, trehalose uptake was analyzed (experiment 3, n = 4), as well as cryosurvival with increasing trehalose concentrations (experiment 4, n = 6). Then, cryoprotective properties of sugar/albumin mixtures were evaluated (experiment 5, n = 9). Freeze-drying was done using reducing (glucose) and nonreducing (sucrose, trehalose) sugars, alone and in combination with albumin, and chromatin structure was evaluated during dried storage at 37
• C for up to 3 months (experiment 6, n = 6). DSC was used to determine glassy properties of the formulations, which are relevant for storage stability (experiment 7). To place chromatin stability in freeze-dried sperm in perspective, hydrated storage of diluted sperm was also analyzed (experiment 8, n = 6). Different assays for assessing DNA damage were used to possibly reveal different or earlier signs of damage (experiment 9). Statistical analysis was done using "SAS" software (version 9.3; SAS Institute Inc., Cary, USA). Normal distribution of the data was verified using the Kolmogorov-Smirnov test and assessment of Q-Q (probability) plots. Arithmetic mean and standard deviation values were calculated for descriptive statistics. Differences in sperm parameters (between treatments and time points of analysis) were calculated using two-way analysis of variance with repeated measurements, and post hoc Tukey tests were performed for multiple pairwise comparisons. Differences were considered to be statistically significant when p < 0.05.
Results
Sperm membrane phase behavior during cooling
Fourier transform infrared spectroscopy was used to determine temperature ranges in which stallion sperm membrane phase transitions took place. In Figure 1 , membrane phase transitions are evident as discontinuities from the linear decrease in νCH 2 (i.e., membrane fluidity) with decreasing temperature. Sperm display two membrane phase transitions during cooling: a broad noncooperative phase transition from 30-10
• C, and a more abrupt fluid-to-gel membrane phase transition upon ice nucleation (at −5 • C).
Uptake of membrane impermeable compounds during cryopreservation
The fluorescent dye LY was used to study if extracellular membrane impermeable molecules are taken up by sperm during passing through cooling-induced membrane phase transitions and coinciding membrane imperfections (Figure 2 ). Sperm did not show intracellular LY fluorescence after cooling down to 4 • C. Slightly higher fluorescence intensities were found after incubation at 37
• C, which might be attributed to the increased membrane fluidity (i.e., lipid rotational freedom) at higher temperatures. Intracellular LY fluorescence intensities increased after exposing sperm to freezing and thawing. This was quantified via flow cytometric analysis after staining with PI. The LY fluorescence intensity of membrane intact sperm exposed to freezing and thawing was found to be three-to four-fold higher as compared to that of sperm incubated at 37 or 4
• C.
Similarly, freezing-induced uptake of trehalose was studied. When sperm were cryopreserved with increasing concentrations of extracellular trehalose, postthaw intracellular trehalose concentrations were found to increase in a dose-dependent manner ( Figure 3A) . With an extracellular trehalose concentration of 250 mM, the cytoplasmic trehalose concentration was found to be 23 ± 9 mM after freezing and thawing. Sperm cryosurvival (i.e., percentages of membrane intact and motile sperm) showed an optimum at 50 mM extracellular trehalose in the freezing medium. These samples had a cytoplasmic trehalose concentration of 11 ± 8 mM, which is equal to a loading efficiency of 22 ± 16% (i.e., relative towards the extracellular trehalose concentration sperm were exposed to).
In preparation for freeze-drying studies, cryoprotective properties of reducing and nonreducing sugars, alone and in combination with albumin were tested, using mass equivalents of 50 mM trehalose. For comparison, cryopreservation was also done without cryoprotective agents and using permeating glycerol (2.5%) as commonly used. Percentages of membrane intact sperm prefreeze were similar (77-81%). Motility, however, was lower in the presence of glycerol (57% versus 67-73%). After freezing and thawing, percentages of membrane-intact sperm were found to be highest with glycerol. All sugars tested had cryoprotective properties, and percentages of . Extracellular trehalose (TRE) concentrations up to 250 mM were tested (A). Furthermore, 100 mM glucose (GLU), 50 mM sucrose (SUC), or trehalose were tested as sole cryoprotectant as well as in combination with albumin (BSA) at a 1/1 weight ratio (i.e., 1.71% each). For comparison, 2.5% glycerol (GLY) was also tested as cryoprotective agent (B). Percentages of membrane intact (white squares and bars) and motile (gray squares and bars) sperm were determined postthaw, using flow cytometry and computer-assisted sperm analysis. Trehalose contents were determined using an enzymatic assay. For cryosurvival, data are presented as mean values ± standard deviations, as determined from six (A) or nine (B) ejaculates from different stallions. Cytoplasmic trehalose contents (A, black diamonds) were determined postthaw, in three independent experiments using semen from different stallions.
membrane intact and motile sperm were slightly higher when albumin was added (not significant). Sperm that were air-dried after freezing-induced loading with disaccharides were not viable (i.e., membrane damaged) if dried below water contents of ∼5 g water per g dry weight (data not shown).
Assessment of sperm chromatin structure during hydrated storage
If sperm was stored as hydrated (i.e., diluted, without freeze-drying) sample, a rapid degradation of sperm chromatin was observed at 37
• C. DFI values, determined using SCSA, increased significantly from 9.9 ± 1% to 37 ± 7 and 77 ± 7% after 6 h and 1 day storage, respectively, approaching 90% after 2 d. DFI values negatively correlated with halo sizes (reflecting dispersed DNA loops with SCD) (Figure 4A -C, G), and positively correlated with comet-tail length (i.e., DNA fragmentation with SCGE) ( Figure 4D-F, H) . Comparison of features and outcomes of the different assays did not give additional insights. Moreover, the quantifiable parameters derived from the microscopic assays (SCD, SCGE) exhibited larger variation compared to the DFI values derived using SCSA.
Preservation of chromatin structure in freeze-dried sperm
Freeze-dried formulations consisting of glucose, sucrose, trehalose with(out) albumin were analyzed using DSC (Table 1) . This was done since sample water contents and glass transition temperatures are of importance for defining optimal storage conditions. It was found that freeze-dried buffered saline (TRIS+) lacked a glass transition, whereas addition of sugars resulted in glass formation. The Tg is highest for trehalose, followed by sucrose and glucose. Furthermore, addition of proteins increases the Tg and results in smaller variation amongst samples. Freeze-dried skim milk extender (INRA-82), TRIS+ supplemented with sucrose/albumin and trehalose/albumin mixtures are in a glassy state at room temperature. Preservation of sperm chromatin structure was studied, directly after freeze-drying and during storage at 37
• C. After freeze-drying, neither membrane intact nor motile sperm were recovered. Sperm chromatin structure was found to be only slightly altered (not significant) in response to freeze-drying (DFI values increased from 8.5-12% prior to freeze-drying to 11-15% after freeze-drying) irrespective of the formulation used. Figure 5 shows examples of scatter plots of green versus red fluorescence of acridine orange stained sperm after acid denaturation with SCSA during storage at 37
• C in various freeze-drying formulations. The appearance of a sperm population with damaged DNA (i.e., with increased red fluorescence) can be seen during storage of sperm freeze-dried in skim milk extender and TRIS+ , whereas chromatin in sperm freeze-dried in TRIS+ supplemented with sucrose/albumin remains relatively intact. Microscopic observations revealed that samples freeze-dried in TRIS+ without further supplements tended to aggregate ( Figure 5F ). Figure  5J -K shows plots of DFI values (i.e., sperm outside the main population) and mean red fluorescence intensities versus storage time at 37
• C. For samples freeze-dried in TRIS+ without protectants, sperm chromatin structure exhibited rapid significant changes during dried storage at 37
• C, reaching DFI values of 68 ± 33 and 95 ± 4% after 2 weeks and 1 month storage, respectively ( Figure 5J ). Also, sperm freeze-dried in skim milk extender or TRIS+ supplemented with glucose/albumin reached DFI values approaching 83-65% after 1 month storage. Interestingly, DFI values remained below 11% after 1 month dried storage at 37
• C if freeze-drying was done in TRIS+ supplemented with glucose, sucrose, or trehalose alone, or with sucrose or trehalose in combination with albumin. After 3 months, the lowest DFI values were determined for samples freeze-dried using sucrose/albumin (33 ± 32%), whereas freeze-drying with sucrose or trehalose alone exhibited slightly higher (not significant) values (44 ± 36 and 40 ± 29%, respectively). Addition of albumin to trehalose did not seem to have a beneficial effect (DFI value of 52 ± 30%). Storage of freeze-dried sperm at high relative humidity (∼95%) resulted in complete degradation of sperm DNA within 1-3 days irrespective of the freeze-drying formulation (data not shown), similar as found for hydrated sperm samples ( Figure 4 ).
Discussion
It is shown here that sperm take up membrane impermeable solutes after exposure to freezing and thawing, but not after passing the suprazero membrane phase transition during cooling down to 4 • C. It is suggested that the freezing-induced membrane phase transition causes phase separation and a temporary increase in membrane permeability, allowing uptake of solutes along the concentration gradient resulting in their entrapment into cells [35, 36] . Uptake is not solute specific, since both trehalose and LY are taken up in a similar fashion [35, 37] . It can be expected, however, that there is a molecular size limitation of solutes that pass cellular membranes during freezing and thawing. Freezing and thawing of stallion sperm with 50 mM extracellular trehalose resulted in a 22% loading efficiency. Contents were calculated without discriminating between membrane intact and damaged sperm; therefore, it can be expected that actual concentrations are higher since trehalose might have leaked from membrane-damaged cells. Using fibroblasts and a 250-mM trehalose concentration, intracellular trehalose concentrations greater than 100 mM were observed [37] . Stallion sperm loaded with trehalose using the optimal concentration for cryopreservation (i.e., 1.71 w-%) did not show enhanced survival after evaporative drying. Previously, bovine sperm was shown to have an improved drying resistance after loading with trehalose through ATP-induced poration, but sperm did not survive drying down to water contents lower than 0.5 g water per g dry weight [17] . Convective drying using nitrogen gas may give better results, since this reduces oxygen levels and likelihood of oxidative damage [17, 48] . If dried samples are too moist, however, it is unlikely that specimens are in a stable glassy state at room temperature allowing long-term storage. Hydrated stallion sperm samples exhibit complete DNA fragmentation within 1-3 days storage at 37
• C [49] . By contrast, chromatin structure of freeze-dried sperm remains unaffected for up to 1 month storage at 37
• C if using TRIS-buffered saline supplemented with a chelator and glucose, sucrose or trehalose. DNA damage occurred in the absence of lyoprotectants and in the formulations containing a combination of reducing sugars and proteins (skim milk, glucose/albumin). Glucose and proteins react with each other via Amadori and Maillard or browning reactions, and therefore glucose should not be used in freeze-drying formulations. The beneficial effects of trehalose on DNA integrity of freeze-dried sperm have been previously reported [17, 48, 50, 51] . Generally, DNA packaged in chromatin is more stable than naked DNA, and purified DNA is more stable than DNA in cells or tissues containing oxidizing compounds [52] . Free radical-mediated oxidation has been implicated as the main cause of DNA degradation during storage [53] , irrespective of the presence of a glassy state [54] . Reactive oxygen species that have accumulated during freezedrying may directly alter chromatin structure. In addition, transient lipid radical molecules that are formed during lipid peroxidation may cause DNA damage [55] [56] [57] . In sperm, it is particularly the level of disulfide crosslinking in the protamines that determine the extent of chromatin condensation and hence accessibility for DNA damage [58, 59] .
Both the freeze-drying program and the formulation affect properties of freeze-dried materials and hence stability and functionality [60] . Differences among protocols become visible after storage for longer duration [20, 61] . Suboptimal storage conditions including high temperatures, relative humidity (sample moisture contents), and oxygen levels are known to accelerate aging. It was shown here that for about half of the sample sperm chromatin structure is unaffected after 3 months storage at 37
• C (DFI values: 33-52%) when freeze-dried with sugars alone or disaccharides in combination with albumin. Glasses composed of trehalose and albumin have been implicated for dry preservation of cells [1, 62] . In contrast with disaccharides, the larger albumin is likely not entrapped in the cells Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/6/892/4600499 by OUP site access user on 08 October 2018 Figure 5 . Chromatin structure was determined during storage at 37 • C; for diluted sperm samples (circles) as well as dried samples after freeze-drying (squares and triangles). Diluted semen was prepared in INRA-82 (white-marked circles), as well as supplemented with 50 mM sucrose (gray circles) or sucrose/albumin at a 1/1 weight ratio (black circles), and stored for up to 3 days at 37
• C. Stallion sperm was subjected to freeze-drying in INRA-82 (white-marked squares) as well as TRIS+ without supplements (white squares) or supplemented with 100 mM glucose (GLU: gray squares), 50 mM sucrose (SUC: gray upward triangles) or trehalose (TRE; gray downward triangles), or combinations of these sugars with albumin at a 1/1 weight ratio (GLU/BSA: black squares, SUC/BSA: black upward triangles, TRE/BSA: black downward triangles). Dried sperm was stored for up to 3 months at 37
• C, rehydrated, and the sperm chromatin structure was analyzed flow cytometrically after acid denaturation and staining with acridine orange (A-I). C', F', and I' represent micrographs acquired with SCD. DFI values (J) and red fluorescence intensities (K) were determined, and mean values ± standard deviations were determined from six ejaculates from different stallions. To visualize differences more clearly, data obtained after 3 months dried storage are also presented as bar plots with circles indicating all values measured (J', K'). Statistically significant differences (p < 0.05) are indicated with different letters.
and therefore cannot directly protect DNA [41] . Nevertheless, albumin has advantages in freeze-drying formulations. Albumin increases the glass transition temperature of the extracellular matrix, prevents collapse of the freeze-dried material, serves as a "bulking agent" separating sperm in the freeze-dried matrix, and functions as a chelator for reactive oxygen species.
Different assays were used here to quantify DNA damage. Decreased chromatin integrity of sperm is evident as increased DFI values as determined with SCSA, decreased halo sizes determined with SCD, and increased comet-tail lengths determined with SCGE. The quantifiable parameters derived from the microscopic SCD and SCGE studies, however, exhibited large variation. Moreover, there are no reference values available for SCD and SCGE that can be used to predict fertility rates and pre-embryo development [63] . The flow cytometric SCSA is typically used for "standardized" highthroughput analysis of sperm chromatin structure. DFI values derived from SCSA studies can be used to predict fertilization rates [41, 64] . For stallion sperm, it has been shown that samples with DFI values exceeding 30% should not be used for fertilization, because early embryo development is abnormal or does not take place [65] .
Taken together, membrane-impermeable disaccharides are taken up by sperm after exposure to freezing and thawing. This uptake of disaccharides does not facilitate sperm survival after air-drying or freeze-drying. Chromatin in freeze-dried sperm is largely intact. However, when sperm is freeze-dried without protectants or with glucose and proteins, DNA damage accumulates during storage under accelerated aging conditions. Freeze-drying with disaccharides greatly reduces chromatin degradation during storage.
